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Abstract 
The purpose of this study is to apply the performance assessment process, using the experimental design 
theory and the response surface methodology, to the Buracica field in order to evaluate the suitability level of 
the method for establishing the practicability of CO2 geological storage. The work reported here concerns the 
modelling of the CO2 behaviour within the reservoir and its burdens over the next 1,000 years without taking 
into account the possible geochemical and geomechanical impact. The first step of this study was to simulate 
the CO2 injection phase using a compositional model. The second step consisted in establishing future risk 
scenarios which represent the possible flow and fate of CO2. They concern damaged wells, the cap rock 
features and the North fault conductivity.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction  
An important aspect of establishing the practicability of CO2 geological storage is the assessment of the 
likely performance of the storage system over relevant time-scales. There is much uncertainty associated 
with the likely evolution of subsurface parts of the CCS system and the associated CO2, particularly in the 
long-term. However, a systematic assessment methodology can help to better characterize uncertainties 
associated with performance. One of the common approaches to carry out uncertainty analysis is the Monte 
Carlo sampling method which requires multiple simulations. Using conventional numerical approaches, such 
a method is very computer time consuming [1]. The statistical methods such as experimental design theory 
and response surface (RS) methodology were successfully applied to several field cases in reservoir 
engineering [2]. The purpose of this study is to apply the performance assessment process, using these 
statistical methods, to an existing field injecting CO2 in order to evaluate the suitability level of the method 
for establishing the practicability of CO2 geological storage. 
 
This article describes the different steps of the work performed to assess the long-term performance of the 
Buracica oil field. This study has been undertaken within the framework of a Petrobras / IFP Energies 
Nouvelles joint research program on the feasibility of Carbon Capture & Storage in the Recôncavo Basin 
located in the north-east of Brazil. The basic idea of this project was to make use of the CO2 injection 
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performed over the past 18 years in the Buracica oil field. The purpose was to develop and validate 
technologies and methodologies needed for CO2 storage concerning rock-fluid interactions, geochemical and 
seismic monitoring, well integrity and performance assessment.  
 
The work reported here concerns the modelling of the CO2 behaviour within the reservoir and its burdens 
over the next 1,000 years without taking into account the possible geochemical and geomechanical impact. 
The first step of this study was to simulate the CO2 injection phase using a compositional model. The second 
step consisted in establishing future risk scenarios which represent the possible flow and fate of CO2 for 
1,000 years after injection. They concern damaged wells, the cap rock features and the North fault 
conductivity. Using the experimental design approach of COUGAR1 software, a proxy of the field model 
was computed and used in the risk analysis in order to characterize the uncertainty of the free and dissolved 
CO2 migration. 
2.  The performance assessment methodology 
Performance Assessment (PA) consists in evaluating the performance of a specified system relative to 
some criteria of interest to particular stakeholders. The performance measures depend upon the stakeholders 
and their goals. In this study, one is interested in mitigating the greenhouse gas emissions. 
 
The performance assessment approach considered here is to analyse scenarios of the subsurface's likely 
evolution, in terms of CO2 migration and potential leakage. These scenarios are supported by a catalogue of 
Features of an engineered geologic system that impact its behaviour, discrete Events that can impact 
behaviour, and other Processes that can influence its behaviour. Detailed lists of FEPs have evolved in the 
context of geologic systems for various environmental needs, and these have been adapted to a generic 
database for geologic storage of CO2 by Quintessa2. This approach has been used in many of the initial CO2 
storage efforts, such as Sleipner in Norway [3], Weyburn in Canada [4], In Salah in Algeria [5], Schweinrich 
in Germany [1] and the Decatur Project in the Illinois basin of the United States [6].  
 
The PA methodology involves: 
• the FEPs analysis in order to identify the Normal Evolution Scenario (NES), which is considered 
to be the most likely,  and the Alternative Evolution Scenarios (AES); 
• the modelling of these scenarios; 
• the choice of the uncertain parameters and their value range; 
• the uncertainty analysis of the storage impact on the greenhouse gas emission mitigation. 
 
For each scenario, sensitivity analysis and uncertainty analysis are performed using COUGAR1 
(Characterization Of Uncertainty in Geosciences And Reservoir) based on experimental design theory and 
response surface methodology. The experimental design technique allows the number of reservoir 
simulations to be reduced while dealing with many sources of uncertainties and therefore to screen the 
uncertainty influences. The response surface methodology allows us to accurately substitute the reservoir 
simulator with an analytical model (the statistical proxy model) and therefore to instantaneously obtain the 
probabilistic distribution of the PA results. 
 
Three types of results are particularly considered. One is the maximum flux of CO2 at the domain 
boundaries. The two others concern the effective CO2 mass stored in the target reservoir formation, and the 
CO2 partitioning between oil, water and gas phases in order to characterize the storage capacity over time. 
While the goal of geological CO2 storage is to permanently store the injected CO2, i.e. to avoid leakage, there 
are projects where some CO2 leakage may occur. Acceptable rates have been expressed in 2005 by the GIEC 
[7]. While a so-called "permanent" CO2 storage technology should ensure a leakage rate of less than 1 %/100 
years, it is considered that a "not permanent" technology with a leakage rate of 1-10 %/100 years or 5-40 
%/500 years remains an interesting method to limit climate change. These threshold values are used here to 
characterize the performance assessment of a potential storage site. 
 
This performance assessment (PA) methodology is applied to the Buracica field to evaluate the suitability 
level of the method for establishing the practicability of CO2 geological storage. The time-scale of interest is 
1,000 years following CO2 injection. This period of CO2 avoidance in the atmosphere is usually considered 
as necessary to mitigate climate change. 
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3. The Buracica field 
3.1. The geological features 
The Buracica field is located in the western part of the Recôncavo Basin at a distance of about 85 km to 
the North of the city of Salvador. It is composed of three main tilted blocks, separated by faults (Figure 1).  
 
 
Figure 1: Buracica – Geological NW-SE cross-section [8] 
The main oil reservoirs are in the Sergi formation, consisting of sandstones with some argillaceous 
intercalations, separating 14 reservoir units over a depth of 200 meters. The 9 m-thick top reservoir, Sergi 1, 
is located between -646 m and -320 m sub sea (SS) in the Central Block. It shows a good lateral continuity, 
representative of wind deposits, with an average porosity of 22 % and rather high permeability (Table 1). At 
-470m SS depth, the reservoir temperature is 44°C and the initial pressure, 55 bar. The stock-tank oil gravity 
is 35°API and the reservoir oil viscosity ranges from 2 to 10 centipoises. 
Table 1: Petrophysical data of the flow model 
Formations Rock type Average thickness (m) Average porosity (%) 
Average permeability 
(millidarcies mD) 
Pojuca sandstone, shale 20 20* 200* 
Taquipe sandstone, silt 200 20* 200* 
Marfin sandstone, shale 20 20* 200* 
Gomo shale/sandstone 130 18 [9] 200 [9] 
Taua shale 30 15 [9] 0.00036 [10] 
Agua Grande sandstone 6 24** 1545 [8] 
Itaparica 2 shale 30 14** 0.0003 [10] 
Arenito B sandstone 6 24** 1680 [8] 
Itaparica 1 shale 18 14** 0.0003 [10] 
Sergi 1 sandstone 9 22 [11] 570 [11] 
*assumption due to lack of data, ** well log analysis, [reference] 
 
The spatial domain, which is considered in this study, concerns the Central Block, the cap rock and the 
over- and side-burdens. It is limited by the surrounding sealing faults, the water table (+70m SS) in the 
Pojuca formation at the domain top and the shaly layer at the Sergi 1 bottom (between -646 m and -320 m 
SS). Its lateral extensions are 4.4 km in the west-east direction and 3.2 km in the north-south direction.  
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The Sergi reservoir is sealed at the top by a hundred meters of shales of the Itaparica and Taua 
Formations, with a few inter-bedded sandstone layers, in particular the 6 m-thick “Arenito B”, lying some 18 
m above the Sergi 1 top and the 6 m-thick “Água Grande”, some 30 m above the Arenito B top. Both 
sandstone layers can possibly store CO2 volumes migrating from the reservoirs below. The Sergi reservoir 
and the Itaparica and Taua sealing shales have a general dip of 6° south-eastward over the oil-filled part of 
the Central Block (Figure 1).  
 The upper part of the Candeias formation (Gomo) - composed of thick pelitic deposits interleaved with 
limestones and turbiditic sandstones - and the Taquipe formation - made up of shales, silts, sandstones and 
calcarenites filling a canyon - can also contribute to trap possible leakages migrating upward. 
3.2. The field history 
The oil production of the Buracica field started in the 1960s. Thirty years later, the recovery factor had 
reached about 30% while the average reservoir pressure in the Central Block had decreased below the initial 
reservoir oil bubble point pressure (11 bar). At the upper part of the reservoir (in the North region), a small 
secondary gas cap formed from the liberated gas. In May 1991, an immiscible carbon dioxide injection 
project began in the Sergi 1 reservoir in the Central Block in order to enhance the oil recovery. Seven wells 
located in the upper part of the reservoir have been used to inject 150 tons/day of CO2. Some time after the 
beginning of CO2 injection, the reservoir pressure increased and an increment of the oil production was 
attained. Nine water injection wells were started in 2002 to delay CO2 breakthrough at the production wells. 
From 1991 to 2005, about 600,000 tons of CO2 were injected in Sergi 1 [12].  
3.3. Flow model features 
The performance assessment was carried out modelling CO2 behaviour in the Buracica subsurface without 
taking into account its geochemical and geomechanical impact on the rock. Geomechanical effects have not 
been considered since the oil field is shallow and not overpressured and a rock-fluid interaction study [13] 
has shown there is low geochemical reactivity on the whole apart from the clays (no change in porosity and a 
ten-times increase in permeability). 
 
The first step of the study was to extend the grid in order to take into account the over- and side-burdens. 
Open boundary conditions are partly introduced on the sides of the simulated domain. Three rock types 
(Table 2) were considered in the flow model (Sergi 1, Agua Grande and shales) taking into account the 
hysteresis phenomenon. Most petrophysical data (Table 1 and Table 2) were defined with several sources 
such as the well log analysis, the core analysis [13], the scientific literature and Petrobras.  
Table 2: Rock type features: irreducible water saturation (Swi), residual oil saturation in water/oil system 
(Sorw), critical gas saturation (Sgc), residual gas saturation (Sgr) and minimum capillary pressure (Pcmin)  
in the CO2/brine system. (* assumption) 
Rock Types Swi, % Sorw, % Sgc, % Sgr, % Pcmin,  bar  
Sergi 20 30 1 15* 0 
Agua Grande 13 0* 0* 15* 0* 
Shaly formation 45 0* 0* 15* 10 
 
The second step of the study was to turn the Black-Oil reservoir model, developed and matched by 
Petrobras for the CO2 injection period, into a compositional model. The only available fluid data being Bo 
(formation volume factor (m3/m3)), oil viscosity and Rs (gas oil ratio of dissolution (m3/m3)), a synthetic 
reference fluid composition was built by analogy with that of another reservoir. A lumping work based on 
the "Brown Oil" methodology [14] was then performed in order to reduce the number of components from 
fifteen to four (CO2 base component plus three pseudo-components: "Light", "Intermediate" and "Heavy"). 
One of the compositional model features is also to take into account the dissolution of the CO2 and "Light" 
components into the brine. 
 
Checking the reproduction of the history match period using the multi-component multi-phase flow 
simulator PumaFlow3 was the final modelling step of the injection period. The compositional simulation 
showed that only 36% of the total injected CO2 mass is stored with the following repartition: 66% in oil, 22% 
in gas and 12% in water. 
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4. Long-term performance results of Buracica 
4.1. Identified scenarios 
Four safety scenarios were identified through FEP combinations: 
1. Normal Evolution Scenario (NES): no failure of the faults and wells occurs and the petrophysical 
properties of the cap rock evolve moderately as expected from the laboratory measurements. This 
scenario is considered to be the most likely. 
2. Alternative Evolution Scenario (AES) dealing with the cap rock failure due to geochemical 
reactivity. Indeed, there is an uncertainty concerning its future evolution over 1,000 years.  
3. Alternative Evolution Scenario (AES) dealing with damaged wells. At the present time, no known 
studies show existing leaking wells. However, Norwegian studies on well integrity [15] have shown 
that the proportion of leaking producer wells in a field could reach about 20%. This scenario will 
consider either two or thirty leaking wells in the CO2 plume zone. 
4. Alternative Evolution Scenario (AES) dealing with the North fault failure due to a seismic event. 
This event is very unlikely to occur because Buracica is not located in a seismic zone. This scenario 
was chosen mainly to evaluate the performance assessment methodology. It must be remembered 
that the Buracica faults are currently sealing faults and the occurrence of any change due to pressure 
is very unlikely. 
 
The magnitude of the stochastic input parameters of the normal and alternative evolution scenarios are 
given in Table 3. 
Table 3: Stochastic input parameters of the normal (NES) and alternative (AES) evolution scenarios 
Scenarios Porosity (%) Perm. (mD) Pcmin (bar) Sgr (%) 
NES: 
shaly formation properties 14 0.003 10 15 
Damaged cap rock (AES): 
shaly formation properties 11-17 0.00003-0.03 0 15 
Damaged wells (AES): 
cement properties 25-50 0.001-1,000 0 15 
North fault failure (AES): 
fault properties 5-20 1-500 0 15-45 
4.2. Results 
The uncertainty study based on the response surface methodology has allowed for each scenario the 
analysis of 100,000 cases defined by the Monte Carlo sampling, using only twenty-two 3D simulations.  
 
The normal evolution scenario and the damaged cap rock scenario show no increase of CO2 in the top 
formation over 1,000 years (see Figure 2 and Table 4). The CO2 leaving the Sergi 1 reservoir is sufficiently 
held up by the cap rock so as not to reach the shallow subsurface. In case of a damaged cap rock, there is a 
90% probability that its amount is inferior to 7% of the initial (beginning of storage) stored mass. In the most 
unfavourable case, it reaches 23%.  
 
The failed well scenario (Figure 2 and Table 4) shows the vertical migration of the free CO2 gas from 
Sergi 1 to the domain top through the damaged wells. It spreads at each permeable formation that it crosses 
and partly dissolves in water. The main formations which store this migrating mass are Arenito B, Agua 
Grande and Gomo. There is a 90% probability that the maximum mass rate of CO2 leaking by the wellhead is 
inferior to 0.4 kg/m2/day. This rate reaches 70 kg/m2/day in the most unfavourable case. In the long-term, the 
mean value of this leakage is inferior to 1%/100 years (%, relative to the initial CO2 mass stored in Sergi 1) 
with two wells and to 10%/100 years with thirty wells. Therefore, this scenario shows that at the end of 
1,000 years of storage, there is a 90% probability that the CO2 mass stored in subsurface is close to 100% of 
the initial stored mass with either two or thirty damaged wells. In the most unfavourable case, 0.5% is lost by 
the top in the case of two damaged wells and 6% if they are thirty. As a conclusion for this scenario, the 
impact of such a leakage on the greenhouse gas emission mitigation is "negligible", as defined in Table 5. 
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However, the damaged well model is quite simple because it only takes into account one material, i.e. 
cement, which instantly damages everywhere. Further work on the well model has to be undertaken to refine 
these results. 
 
 
Damaged Cap rock scenario Damaged well scenario North fault scenario 
Figure 2: 3D map of the CO2 molar fraction in water at 1,000 years of storage 
Table 4: Long-term (1,000 years) impact (the more likely value, the most unfavourable value and 90% 
probability that it is inferior to the value) of the scenarios NES and AES on the CO2 storage capacity and the 
CO2 flux leaving the studied domain by the top boundary: simulated and measured data 
The most 
likely 90% prob. that (x) is inferior to .. In the most unfavourable case Scenarios 
(1) (1) (2) (3) (4) (1) (2) (3) (4) 
NES 0 0 0 99.5 100 0 0 99.5 100 
Damaged cap rock (AES) 0 0 0 93 100 0 0 77 100 
Two damaged wells (AES) 0.02 0.4 0.002 99.5 99.998 70 0.4 93 99.6 
Thirty damaged wells (AES) 0.02* 0.4* 0.03* --- 99.97* 70* 6* --- 94* 
North fault failure (AES) 0.003 0.01 7 53 93 0.05 12 32 88 
Measures (08/2008) 0.02 0.02 --- --- --- 0.02 --- --- --- 
* value extrapolated based on the two-well model 
(1) Maximum CO2 flux leaving the studied domain (kg/m2/day) by the top boundary  
(2) Average CO2 flux (percent of CO2 mass relative to the initial stored mass in Sergi 1) leaving the studied domain 
by the top boundary per 100 years 
(3) Percent of CO2 mass stored in Sergi 1 at 1,000 years relative to the initial date 
(4) Percent of CO2 mass stored in subsurface at 1,000 years relative to the initial date 
 
The North fault scenario (Figure 2 and Table 4) shows two mechanisms of vertical CO2 migration through 
the conductive fault. This can be observed on the mass rate curve of the CO2 leaking through the open top 
boundary, which presents two peaks. The first one (at 70 years for the median curve) corresponds to the CO2 
evolving in the free gas phase and the second one (ten times later for the median curve) to the CO2 dissolved 
into the oil phase. In only 10% of the uncertainty analysis samples, the first peak occurs earlier than one 
year. There is a 90% probability that this maximum leakage rate is inferior to 0.01 kg/m2/day. It reaches 0.05 
kg/m2/day in the most unfavourable case. In the long-term, the mean value of this leakage is slightly higher 
than 10%/100 years. The North fault scenario shows that at the end of 1,000 years of storage, there is a 90% 
probability that the CO2 mass stored in subsurface is superior to 93% of the initial mass with 53% in Sergi 1. 
In the most unfavourable case, 88% is still in subsurface with 32% in Sergi 1. This means that the more 
undersaturated the oil, the lower the risk of CO2 leakage through the domain top. As a conclusion for this 
scenario, the impact of such a leakage on the greenhouse gas emission mitigation is "marginal", as defined in 
Table 5. 
 
As part of the Buracica geochemical monitoring project [16], the flux of CO2 emanating from the 
subsurface of the Central Block was measured at the ground surface on two dates. The mean value of the 
area is 0.02 +/- 0.025 kg/m2/day in August 2008 and 0.013 +/- 0.005 kg/m2/day in March 2009. Nevertheless, 
without a comparison with a CO2 flux baseline and a complementary study such as a noble gas analysis, CO2 
flux measurements at the ground surface are not sufficient data to determine the origin of the CO2 and to 
quantify a possible leakage from the CO2 storage. Consequently, a direct comparison between the simulated 
and measured rates for concluding on the sealing capacity of the current wells, is not easy. First of all, Table 
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4 shows that the measured CO2 rates are rather in agreement with the simulated ones (bold type), which 
validates the modelling choice of the scenarios even if improvements are necessary to obtain more 
quantitative results. One can notice then that the most likely value of leakage is the same order of magnitude 
as the average measured value in the case of damaged wells and ten times lower in the case of a "North fault 
failure". This means that the most likely leakage due to damaged wells or "North fault failure" would go 
unnoticed by a CO2 monitoring with no baseline correction. Only the leakage due to highly damaged wells 
would be detected. These results also show that at the ground level, a well failure has a 10 to 1,000 more 
local impact than a fault failure, whereas it is the contrary at the site scale (in the present case, the fault 
represents an area of 45m x 4km).  
4.3. Long-term performance conclusion 
The unwanted event for a CO2 storage site is the CO2 leakage from the studied domain. The matrix 
"likelihood / potential impact" of this event is used to compare the scenarios in terms of estimated risk levels 
(Table 5). The likelihood and potential impact scales are qualitative and approximate but they provide a 
consistent basis for comparison. From the study results recapitulated in Table 5, it appears that the alternative 
evolution scenario concerning the cap rock presents a very low risk whereas the damaged well and the 
conductive North fault scenarios present a low risk for the "greenhouse gas emission mitigation" target of 
this study. However, this conclusion has to be used with caution because it is necessary to make some 
improvements in the flow model for each scenario (burden data and the well and fault models) and to pursue 
the CO2 monitoring at the ground surface to detect possible leakages, particularly in well vicinity. 
Table 5: Long-term performance assessment of Buracica (Very low risk, Low risk, Medium risk, High risk) 
 
Likelihood 
 Very likely Likely Unlikely Very unlikely 
Significant     
Marginal    Fault 
Negligible Well    P
ot
en
tia
l 
Im
pa
ct
 
No impact Cap Rock    
 
Probability 
description Probability 
Very likely > 0.9 
Likely 0.1 – 0.9 
Unlikely 10-4 – 0.1 
Very unlikely <10-4 
 
Potential impact 
description 
Leakage mass rate per hundred years relative 
to the stored mass 
Significant >20%* 
Marginal <20%* 
Negligible <1-10%** 
No impact 0% 
 
5. Conclusions 
The work reported here concerns the modelling of the CO2 behaviour within the reservoir and its burdens 
over the next 1,000 years. The purpose of this study has been to apply the performance assessment process 
using the experimental design theory and the response surface methodology to the Buracica field in order to 
evaluate the suitability level of the method for establishing the practicality of CO2 geological storage.  
 
The conclusions are as follows: 
• the consistency between the on site CO2 measurements and the simulation results allows us to validate the 
modelling choice of the scenarios, remembering that (1) the CO2 flux measurement at the ground surface 
as a unique way of measurement is not sufficient to detect and quantify the effective flux due to a possible 
CO2 leakage from the subsurface, (2) the simulations have been run using some simplifications, 
particularly concerning the well failure modelling.  
• with these reservations, the risk associated to the CO2 injection appears rather limited.  
• the performance assessment method turns out to be a very powerful tool to evaluate the practicality of CO2 
geological storage. Indeed, three types of scenarios and 100,000 samples per scenario have been 
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considered in a rather short time. The only known drawback of the method, in its present state of 
development, is an unsatisfactory quantification of the very unlikely events which can have a very high 
impact. It would be necessary to remove this limitation, which prevents us from concluding on these 
particular events.  
 
This study also highlights the interest in having numerous and various data such as the geochemical 
monitoring data of the field and the results of laboratory studies, in order to perform a confident performance 
assessment.  
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